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Abstract
A physical model was constructed to investigate the physical process of 
dewatering the filter-pack of a low-yield ground-water monitoring well and 
determine if this process effects concentrations of dissolved volatile organic 
compounds (VOCs). It was hypothesized that losses of VOCs would be 
observed as a result of an increased air-water interface and possibly turbulent 
flow through the filter pack during water-level recovery.
Two filter-pack grain sizes (FP-1 and FP-2) were used in this study. FP-1 
(2.0-0.85 mm) was based on common field practices, as determined by 
consulting industry professionals and suppliers. FP-2 (0.5-0.15 mm) was 
determined by using accepted methods of selecting a filter-pack size for 
installation of a  monitoring well in a  low-hydraulic conductivity (low-K) material.
The first objective of this study was to visually characterize the flow 
regime established in the filter pack during water-level recovery. Flow through 
FP-1 was characterized by the formation of a seepage face along the low-K 
zone-filter pack boundary and a horizontal free-water surface within the filter 
pack during water-level recovery. Flow through FP-2 was characterized by the 
filter pack remaining nearly saturated under negative pressure and the incoming 
water forming a  steep gradient (i.e., free-water surface) between the low-K zone 
and the well.
The second objective of this study was to quantify possible changes in 
dissolved VOC concentrations during water-level recovery. Little or no
measurable losses of 1,1,1-TCA, MCB, or 1,1,2,2-TET were detected during 
water-level recovery while simulating non-stagnant well conditions with FP-1. 
These data imply that losses of VOCs due to volatilization resulting from the 
physical action of water reinfiltrating a  dewatered monitoring well will be 
minimal.
Stagnant well simulations using FP-1 resulted in a trend of increasing 
concentration with time and height in the model during water-level recovery, 
reflecting the mixing of residual stagnant water in the filter pack and incoming 
fresh water. These results indicate that trends observed in field studies 
conducted to address purging criteria in low-yield wells may have resulted from 
mixing of stagnant water with incoming formation water.
Chemical recovery experiments were not conducted using FP-2, because 
of difficulties with the experimental apparatus. However, based on the data 
presented it is concluded that use of this smaller filter pack would not be 
advantageous.
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Chapter 1
Introduction
Purpose
The purpose of this study was to investigate the physical process of 
dewatering the filter pack of a  low-yield ground-water monitoring well and 
determine if this process effects the concentration of dissolved volatile organic 
compounds. The first objective of this study was to visually characterize the 
flow regime established in the filter pack during water-level recovery. The 
second objective of this study was to quantify possible changes in dissolved 
volatile organic compound (VOC) concentrations as a result of increased air- 
water interface and possibly turbulent flow through the filter pack. It was 
hypothesized that this process would cause a loss of dissolved VOCs from the 
water.
Background 
Purging and Sampling Error
Ground-water samples need to be obtained in a way that ensures they 
are representative of the surrounding water-bearing zone. In order to collect 
representative ground-water samples, it is generally considered necessary to 
purge the monitoring well of stagnant water (Barcelona et at., 1985; Herzog et 
al., 1988; and Gibs and Imbrigiotta 1990). Stagnant conditions occur because
water that has been standing in a well, particularly above the well screen, is not 
free to interact with formation water and is subject to different chemical 
equilibria (Herzog et al., 1988). Stagnant water often has a different 
temperature, pH, oxidation-reduction potential, and total dissolved solids content 
than formation water. Furthermore, Herzog et al., (1988) suggest that VOCs 
and dissolved gases in the stagnant column may volatilize or effervesce in as 
little as 2 hours, significantly affecting their dissolved concentrations. Barcelona 
and Helfrich (1986) concluded that variations in water chemistry due to well 
purging were generally greater than errors associated with either sampling 
mechanism, tubing, or apparent well casing material effects. Therefore, proper 
purging is critical to the collection of representative ground-water samples.
Purging criteria have been developed for wells installed in medium to 
high hydraulic conductivity materials (eg. Barcelona et al., 1985; and Gibs and 
Imbrigiotta, 1990), where the water level in the well is not drawn down 
significantly during purging and sampling procedures. However, purging and 
sampling wells installed in materials of low hydraulic conductivity (low-yield 
wells) may cause the water level within the well to be drawn down below the 
top of the screen and dewater the filter pack. The U.S. EPA (1986) suggests 
purging low-yield wells dry and sampling when the water level has recovered 
sufficiently. However, it has been suggested by Barcelona et al. (1985) that this 
approach could result in a  loss VOCs as a result of dewatering the filter-pack 
material and creation of a  steep hydraulic gradient near the well. Dewatering of
the filter pack creates a  larger air-water interface, thus increasing the potential 
for volatilization. In moderate to high-yield wells, the loss due to volatilization 
would be minimal, because the air-water interface is small (the cross-sectional 
area of the well casing). Additionally, the steep hydraulic gradient may cause 
ground water to cascade through the filter pack and screen, possibly leading to 
aeration of the sample and loss of volatile constituents (Gillham et al., 1983).
Volatilization rates of VOCs are not only controlled by the physical action 
of the water and the area of the air-water interface, but also by the VOC vapor 
phase concentration at the air-water interface. The net loss of VOCs from the 
water will be minimal if the vapor phase concentration is near equilibrium with 
the dissolved concentration . These equilibrium concentrations are determined 
by the gas-phase vapor pressure of the compound of interest and the 
equilibrium concentrations can be related using Henry’s Law (Lyman et al., 
1990).
Due to volatilization during well purging and sampling, vapor phase 
concentrations in a monitoring well will be greater than zero. Also, if the filter 
pack is dewatered during sampling the air-water interface will be within the 
formation or the filter pack, and that media would control the diffusion or 
advection of VOC’s in the vapor phase. If air movement is restricted, vapor 
phase concentrations could rapidly reach equilibrium at the air-water interface, 
and therefore minimize continuing losses due to volatilization.
Herzog et al., (1988) suggest depressurization of the sampling zone in a 
monitoring well as  a result of dewatering may also cause a  loss of VOCs due to 
effervescence. Effervescence can occur if the sum of the partial pressures of all 
the dissolved gasses exceeds the total pressure on the water (Pankow, 1986). 
Sampling error associated with effervescence is very site specific and may be 
significant in some cases (Gillham et al., 1983).
Dewatering of the filter pack could also increase oxygen concentrations 
in the filter-pack zone which could enhance biodegradation of VOCs. Most the 
research conducted in this field is focused on using microorganisms as  a 
bioremediation tool (eg. Wilson, 1986). Very little research has been done to 
assess  the possible sampling error associated with biological activity.
Previous Studies
There have been several studies conducted to determine if purging low- 
yield wells dry causes significant losses of VOCs. Herzog et al., (1988) and 
Alduino (1992) conducted field studies designed to assess purging strategies in 
low-yield wells. In both studies, purging the well dry resulted in a  general trend 
of very low initial concentrations that increased rapidly during water-level 
recovery. The highest concentrations of VOCs were detected 2 to 8 hours after 
purging and the concentration differences of individual compounds within this 
time period were generally not significant. Alduino (1992) attributed the low 
concentrations in the early time data to volatilization resulting from the 
dewatering of the filter pack. Herzog et al. (1988) also indicated the low
concentrations in early time may have been a  result of volatilization, but the 
early time concentrations detected were not significantly different from 
concentrations detected in later time. These studies both indicated that VOC 
losses could occur as  a  result of dewatering the filter pack. Due to the nature of 
field studies it is impossible to know the true concentration of the incoming 
water and therefore impossible to determine the losses of VOCs as a result of 
the sampling method.
McAlary and Barker (1987) conducted a laboratory study designed to 
estimate the amount of volatilization that may occur if a  filter pack is dewatered. 
They concluded losses of VOCs may reach 70 percent as a result of these 
processes, but their experimental apparatus may have biased their results. The 
apparatus consisted of cylinder of silica sand with a  5.1 cm diameter well 
screen in the center. VOC laden water was then allowed to infiltrate through the 
silica sand from the top of the apparatus and the system was open to the 
atmosphere. Both of these conditions increase the potential for volatilization and 
do not simulate real world conditions.
Halligan (1990) also conducted a laboratory experiment to address this 
issue. The experimental apparatus used in this study more accurately simulated 
a real world situation, but no significant changes in concentration were 
observed and the results were deemed inconclusive due to design problems. 
The primary design problem arose from the use of natural soil as the low-K 
material, which resulted an undetermined amount of sorption and desorption
(Halligan, 1990). Also, the filter-pack zone and the screened interval of the 
simulated well were only 30 cm long. Since it is hypothesized that volatilization 
would occur in the filter-pack zone, such a  short filter-pack zone would minimize 
the potential for volatilization losses.
Approach
Two physical models were constructed in the laboratory to simulate a 
low-yield monitoring well. The first model was designed to observe flow through 
the filter pack. The second model was designed to conduct recovery 
experiments with VOCs.
This project had seven major components:
(1) A numerical model was used to aid in scaling of the physical model 
and to determine the hydraulic conductivity of the materials used in the physical 
model. VAM2D (Huyakorn et al., 1989), a  two-dimensional, finite-element 
ground-water model was used for this analysis.
(2) Two filter-pack sizes were selected to use in the experimental study; 
one to represent the common well installation practices, and one to represent 
ideal well installation practices.
(3) Batch tests were performed on the materials used in construction of 
the physical model. These tests served two purposes. First, they provided an 
indication of the change in VOC concentrations due to sorption or leaching 
during the dewatering experiments. Second, they provided an opportunity to
develop and refine the author’s ability to operate the gas chromatography (GC) 
equipment.
(4) A cross-sectional, semi-circular physical model was constructed. This 
model was faced with a  clear Plexiglas plate to provided visualization of the 
flow through the filter pack material. Visualization of the flow was aided by using 
red food coloring. It was useful in detection of experimental design flaws. Two 
filter-pack material sizes were used in two separate experiments with this 
model.
(5) A second physical model was constructed. This model was 
completely enclosed by PVC (polyvinyl chloride) pipe, except for the presence 
of a riser pipe which was open at the top. This model was three dimensional 
and more accurately represented a  real situation.
(6) Dissolved VOCs were introduced into the completely enclosed 
physical model and recovery experiments were conducted. These experiments 
were conducted simulating stagnant and non-stagnant well conditions.
(7) The concentration data collected were analyzed to determine the 
concentration changes with respect to time and identify trends.
Chapter 2 
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Chemical Compounds 
Selection
The VOCs used in this study were 1,1,1-trichloroethane (1,1,1-TCA), 
chlorobenzene (MCB), and 1,1,2,2-tetrachloroethane (1,1,2,2-TCE). These 
compounds were chosen because they are common ground-water pollutants, 
relatively volatile, and represent a  range of Henry’s  Law Constants. These 
compounds also have relatively high solubilities and low human toxicity 
(Montgomery and Welkom, 1989). Concentrations were kept in the low part per 
billion range because, volatilization losses during sample collection are more 
crucial to sample integrity at lower concentrations. Table 1 lists the principal 
chemical properties of these compounds. Also, a  3 ppm sodium azide solution 
was used in this study to suppress biological activity within the experimental 
apparatus.
Table 1: Chemical properties of 1,1,1-TCA, MCB, and 1,1,2,2-TCE 
(Montgomery and Welkom, 1989).
Chemical Properties 1,1,1-TCA MCB 1,1,2,2-TCE
Henry’s Law Constant (atmm3/mo!) 1.5 x 10'2 3.6 x 10'3 3.8 x 10'4
Solubility @ 20° C (mg/i) 4,400 500 2,900
Vapor pressure @ 20° C (mm) 100 9 5
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Chemical Analysis
Analysis of the samples was performed, by the author, using the gas 
chromatograph (GC) system at the Desert Research Institute, Las Vegas. EPA 
Method 502.2 (Ho, 1989) was employed to analyze the liquid samples. This 
method is used to extract VOCs with low water solubility from a sample by 
bubbling an inert gas through a  5 ml aqueous sample. An auto-sampling 
module was used to transfer the 5 ml sample from the volatile organic analysis 
(VOA) vials to the purge and trap unit. Purged sample components are trapped 
in a  tube containing suitable sorbent materials. When purging is complete, the 
sorbent tube is heated and backflushed with helium to desorb trapped sample 
components onto a  capillary gas chromatography column. The column is 
temperature programmed to separate the method analytes which are then 
detected with a photoionization detector (PID) and a electrolytic conductivity 
detector (ELCD) placed in series. Output from the detectors was processed by 
two integrators (one for each detector) which were programmed to compute and 
report the concentrations of the analytes of interest.
Calibration standards (each containing all the analytes of interest) were 
mixed, according to Ho (1989), in a  100 ml volumetric flask and transferred to 
seven 14 ml VOA vials. The standards were used to create and check a 
calibration curve. The integrators stored the calibration curve and used it to 
calculate concentrations. Calibration standards were prepared for every 100
ppb increment over the expected concentration range and generally resulted in 
a five to seven point calibration curve. The GC system was recalibrated prior to 
each experiment and a  single point calibration check was performed every 
working day to check for drift. It was found that the photoionization detector, 
which detected only MCB, drifted about 10 to 20 percent over three to five 
days. This was the average time required to run all the samples for one 
experiment. In order to collect accurate data it would have been necessary to 
calibrate daily. For these reasons the only ELCD data was used for the data 
analysis in this study, but the PID data is presented along with ELCD data in 
Appendix A.
Materials 
Numerical Modeling
VAM2D (Huyakorn et al., 1989), a  two-dimensional, finite-element 
ground-water model was used to simulate water movement through the 
experimental apparatus. This modeling was performed to determine the 
optimum hydraulic parameters and scale for the laboratory physical model. Of 
particular importance was the determination of the width and hydraulic 
conductivity of the low hydraulic conductivity (low-K) zone. A target of 90 % 
recovery of the water level in the well within four hours was used in these 
simulations.
The diameter of the well and the outer diameter of the filter-pack zone 
were 5.1 cm and 20 cm, respectively. These sizes were based on common field 
practices and to a  lesser degree the availability of screen sizes. Two screen 
sizes, 41 cm and 36 cm diameter, were available to serve as  the outer 
containment of the silica flour. When using a  41 cm screen, it was determined 
that a  material with a hydraulic conductivity of 10'6 cm/s to 10'6 cm/s yielded the 
desired recovery times. It had also been determined that silica flour had a 
hydraulic conductivity within this range (see materials section below). Therefore, 
this combination was used in construction of the physical model.
Filter Pack Selection
Silica sand was used as the filter-pack material for the model. Filter-pack 
grain size can effect the volatilization rate in three ways; (1) change the surface 
area over which the water must flow, (2) change the flow characteristics of 
water through the filter-pack zone, and (3) control the ability of VOCs in the 
vapor phase to diffuse from the air-water interface. For these reasons two filter- 
pack sizes were used in this study. One size was determined by accepted 
methods of selecting a  filter-pack size for installation of a monitoring well in a 
low-hydraulic conductivity material (U.S. EPA, 1991; and Driscoll, 1986). The 
other grain size selection was based on what is commonly used in the field, as 
determined by consulting industry professionals and suppliers. A detailed 
analysis of grain size effects was beyond the scope of this study.
The designation FP-1 represents the most commonly used filter-pack 
size for monitoring well installations. Representatives of two major 
environmental consulting firms were contacted to determine what filter-pack 
grain size is commonly used for most monitoring well installations in this area. 
The responses from both companies were similar. Both of companies keep a 
stock of 2.00-0.85 mm (10-20 mesh) silica sand on hand and use it as filter- 
pack material in the majority of the monitoring wells they install. Sometimes 
0.85-0.40 mm (20-40 mesh) silica sand is used if a clay or fine grained unit is 
known to be present at the desired sampling interval prior to drilling, but even if 
a  fine grained unit is known to be present 2.00-0.85 mm silica sand may be 
used if the unit has not exhibited characteristics that might cause the well to 
become filled with sediment. A representative from Colorado Silica Sand Inc., a 
major sand supplier, was also contacted to determine what size silica sand they 
most often sell for monitoring well installations. He indicated that 2.0-0.85 mm 
silica sand was the sand they most often sold for this purpose. For these 
reasons 2.0-0.85 mm silica sand was used in this experiment.
The designation FP-2 represents a filter pack that would be designed for 
a  low-yield well. Design of a filter pack, as outlined in U.S. EPA (1991) and 
Driscoll (1986), requires a knowledge of the grainsize distribution of the 
formation in which the well will be emplaced. Since this project used silica flour 
which has physical properties that are substantially different than natural low-K 
formations (i.e., clay), a literature search was conducted to find grainsize
distributions of natural formations which are known to have low hydraulic 
conductivities. One grainsize distribution was found in Halligan (1990) and four 
in Johnson et alM (1965). These are shown on Figure 1. Also shown on Figure 
1 is the range, along the seventy percent retained line, within which the 
designed filter pack should be constrained. The range was determined by 
averaging the values of the grainsize distributions at seventy percent retained 
and multiplying by 4 to 6, as described by Driscoll (1986). FP-2 falls within this 
range and it is the sand that was used to simulate a properly designed filter
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1: Grainsize distributions of five low-K soils, FP-1 and FP-2.
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pack. FP-1 (Figure 1) was used to simulate the most commonly used filter pack 
for monitoring well installations. It should be noted that there is a large 
difference between the two filter-pack size distributions.
Batch Tests
The sorptive and desorptive properties of PVC, silica sand, and silica 
flour were investigated to assess  the impact this process may have on the 
recovery experiments. Batch tests were structured to address two concerns 
dealing with sorption. First, batch tests of 2 and 4 hours were used to 
determine the sorption potential during the time period of a  recovery 
experiment. Second, batch tests of 1, 3, 5, and 7 days duration were used to 
determine the long-term sorptive characteristics of the three materials tested. 
The latter tests aided in determining the amount of time required for the model 
to stabilize after chemicals have been added. This was important because new 
chemicals were added and cycled through the tank over a 48 period prior to the 
initiation of an experiment. These static batch tests can't be directly compared 
to the dynamic model conditions, but should indicate the maximum amount of 
sorption that can occur during an experiment or experimental setup.
Materials were distributed in equal amounts in 40-ml VOA vials 
containing water spiked with 1,1,1-TCA, MCB, and 1,1,2,2-TET. For each 
material, a one liter volumetric flask was used to mix the aqueous solutions, 
according to Ho (1989). Immediately after mixing, the sample vials were filled in
order starting with the shortest duration batch test. The vials were then stored 
at room temperature until they were analyzed. A set of samples for each test 
duration consisted of three replicate material samples in spiked water, one 
control sample containing the spiked water with no material sample (control A), 
and one control sample containing a  material sample in distilled water (control 
B). The material samples were always filled just prior to filling of the control A 
sample for each set. One set of each of the materials was analyzed for each 
test duration and the control A sample of each set was used to represent the 
initial concentration for each set. Each material sample vial was weighed prior 
to use, with materials added, and again after having been filled with spiked 
water. The samples were inverted and agitated daily to insure a well mixed 
sample.
An investigation of the desorptive characteristics of the materials was 
also attempted. After each 1-, 3-, 5-, and 7-day sorption test of the PVC the 
pieces of PVC were transferred to clean vials and distilled water added. These 
samples were analyzed after approximately four hours to determine if there was 
measurable desorption over that time period, which was representative of the 
duration of a single recovery experiment. Desorption experiments of this type 
were also attempted using silica flour and silica sand, but transferring the 
materials between vials would have produced a  great amount error. Also, 
sorption on these materials was found to be minimal. Therefore, desorption 
experiments were not conducted using silica flour and silica sand.
Results of the batch tests are shown in Figure 2. The mean 
concentration of the three replicate material samples was divided by the 
concentration of control A to obtain the C/C0 for each set. C/C0 would equal one 
if concentrations remained constant and less than one if concentrations 
decreased as a result of sorption. The results show some variation, but a  
definitive sorption trend is not observable for any material-chemical 
combination. The one possible exception is the sorption of 1,1,1-TCA on silica 
sand after three days. Despite this, these data indicate the potential for sorption 
onto these three materials is minimal over the time period of one experiment or 
an experimental setup. Also, the desorption experiments using PVC yielded 0 to 
4 ug/L concentrations of the analytes of interest. Based on these data, the 
sorption and desorption associated with these three materials should not effect 
concentrations during a single recovery experiment or experimental setup. 
These data support findings from other scientists showing that PVC exhibits 
little or no sorption or leaching potential for these organic chemicals over time 
intervals less than twelve hours (Gillham and O'Hannesin, 1990; Reynolds and 
Gillham, 1985; and Sykes et al., 1986).
Physical Properties
The hydraulic conductivities of the two filter packs and the silica flour are 
shown in Table 2. Also shown are the porosities of the two filter packs. A 
constant head permeameter apparatus was use to determine the hydraulic 
conductivity of these materials. The discharge used in the calculation of the
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Figure 2: C/C0 versus time for PVC, FP-2 (silica sand), and silica flour 
batch tests.
hydraulic conductivity for each experiment was the mean of three 
measurements. The hydraulic conductivities listed are the means of three 
separate experiments using different samples of the sam e material. Porosity 
was calculated from m ass measurements of three small samples of material 
when dry and after being saturated with water. Porosity values listed are the 
mean of the three samples for each material. Porosity of the silica flour was not 
measured because of the difficulties associated in working with the material.
Table 2. Physical characteristics of the materials used.
Material Grainsize (mm)
Hydraulic 
Conductivity (cm/s) Porosity (%)
Filter Pack 1 2.0 to 0.85 6.0 x 10'1 32.6
Filter Pack 2 0.5 to 0.15 1.4 x 10'2 35.8
Silica Flour < 0.076 1.6 x 10’5 NM
NM-Not Measured
Physical Models
Two physical models were constructed primarily of schedule 40, PVC 
screens and pipe (Figure 3). The well annulus was simulated with a 5.1 cm 
inside diameter, 0.025 cm slotted, PVC well screen. Filter-pack material was 
contained by the 5.1 cm screen and a 20 cm inside diameter PVC well screen. 
The low-K material was contained by the 20 cm screen and a  41 cm outer 
diameter, 0.051 cm slotted, PVC well screen. To better constrain the silica flour, 
thirty-two 5 by 20 cm rectangular holes were cut in the 20 cm diameter screen
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Figure 3: Diagram of the outer profile and horizontal cross-sectional view of 
the physical model.
and 200 mesh stainless-steel, wire cloth was attached to the outside of PVC 
screen. The outer reservoir was contained by the 41 cm screen and a 51 cm 
outer diameter PVC pipe. These screens and pipe were attached to 1.27 cm 
thick, flat PVC plate which formed the base and top of the models and all 
pieces were assembled with screws. The models were approximately 120 cm 
high. The two physical models each differed slightly from the basic model 
design described in this paragraph. The first model was designed for 
visualization purposes and second model was designed to quantify changes in 
VOC concentrations.
A semi-circular physical model was constructed to perform visualization 
experiments. This model was constructed as  described above, except the PVC 
pipe and screen were cut to form semi-circular halves 120 cm high. These 
halves were attached to a 1.27 cm thick, Plexiglas plate. Silicon sealant was 
used liberally when constructing this model because the PVC halves were not 
cut to fine tolerances and it was necessary to assure a good seal. The top was 
left open for easier access when filling the model with silica sand. Access to the 
filter pack from the bottom was achieved by PVC welding one 5.1 cm diameter, 
threaded, PVC end cap to the base plate.
A fully circular physical model was constructed to perform the recovery 
experiments with chemically spiked water. This model was constructed as 
described earlier, but with a few modifications. Discs were cut from 1.27 cm 
thick PVC to fit snugly in the spaces between any 2 adjacent PVC tubes
(screens or pipe). The discs were then attached to the base and top PVC 
plates with stainless-stee! screws. The screens and pipe were then seated into 
1.27 cm deep grooves created by the discs. This design resulted in more 
secure structure and a tighter seal which reduced the amount of silicon sealant 
necessary to create a good seal. A 19 cm hole was cut in the center of the 
base plate to allow access to the filter pack. The hole was plugged with a very 
tight fitting 1.27 cm thick PVC disc with a  5.1 cm diameter hole cut in the center 
to seat the 5.1 cm well screen. This disc was attached to a small PVC plate, 
which was then attached to the base plate with bolts allowing it to be removed. 
A water-tight seal was achieved with a  neoprene gasket between the two 
plates. Access to the filter pack from the top was achieved by welding two 5.1 
cm diameter, threaded, PVC end caps to the top plate. Also, a 4.1 m long, 5.1 
cm diameter, extension was added to the well pipe exiting the top of the model. 
This more accurately simulated the stand pipe in a real monitoring well and 
allowed limited control of the vapor concentrations entering the well during 
dewatering.
The silica flour was emplaced as a  slightly moist mixture of silica flour 
and water. The silica flour mixture was tamped after every 7 to 10 cm were 
emplaced. Silica sand was emplaced dry in one of two ways. First, if the 
filter-pack annulus was dry, a  funnel was used to pour sand through the top of 
the model. Second, if the filter-pack annulus was wet, a  tremie pipe was used 
to emplace the silica sand.
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Sample Collection
Samples were collected from 0.32 cm diameter, stainless-steel tubes. 
Sampling tubes were permanently installed through the base of the model into 
the well and filter pack to heights of 2, 10, 20, 30, 50, 70, 90, and 110 cm. 
Sampling tubes that were inserted into the filter-pack annulus were positioned 
as closely as possible to the silica flour zone. The gravity-fed flow was 
controlled using a pinch clamp and a  short piece (< 3 cm) of tygon tubing 
slipped over the outlet. Sampling tubes were more densely spaced near the 
bottom of the well because it was hypothesized that if volatilization occurred the 
concentration changes would have been greatest near the bottom of the well. 
Sampling ports were also installed in the outer reservoir of the model at 17, 47, 
77, and 108 cm heights. These tubes were installed directly into the side of the 
model and flow was controlled in the same fashion a s  described earlier.
A period of approximately 48 hrs. was required to condition the tank and 
prepare for an experiment. During this experimental setup time chemicals were 
mixed with approximately 110 L of distilled water contained in a large mixing 
vessel (mixing vessel 1) with a closable lid. Small quantities of the analytes of 
interest were measured from stock solutions and injected in 2 to 5 ml of 
methanol. This mixture was injected into the experiment water and the water 
was stirred. A peristaltic pump was used circulate the water from the mixing 
vessel to the outer reservoir of the model. The water was returned to the mixing
vessel via an overflow port. After reservoir and mixing vessel concentrations 
were roughly uniform, the circulation was stopped and the well was dewatered. 
Dewatering was accomplished by pumping water from an access port at the 
bottom of the well. Water produced was stored in another large mixing vessel 
(mixing vessel 2). The well was repeatedly dewatered and allowed to recover in 
an effort to move the fresh mixture through the model. This process was 
monitored by sampling the 10 cm well port approximately one hour after a 
dewatering event. The concentration in the outer reservoir was monitored 
concurrently by collecting a  sample from the 45 cm port at the same time.
When a consistent concentration was observed in the well after successive 
dewatering a  recovery experiment was initiated.
Samples were collected in 14 ml VOA vials. These vials are smaller than 
the standard 40 ml vials, but the smaller vials were necessary to reduce the 
amount water removed from the model during experimentation. Samples were 
collected before purging and at 5, 15, 30, 50, 80, 120, and 145 minutes after 
purging in the well and filter pack. During a  recovery experiment, two samples 
were collected at each sampling time from each sampling tube that was 
submerged. Approximately 5 ml were purged from each sample tube prior to 
sampling. Samples were collected in order from the lowest sampling tube to the 
highest at any given time interval. Samples were also taken as soon as the 
water reached the level of each sampling tube. When the all samples from the
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well had been taken for a  given sampling time, sampling in the filter pack was 
conducted following the sam e procedures.
Duplicate samples were collected for several reasons. First, duplicate 
samples were collected to reduce the variability associated with the data. 
Second, the number of replicates was minimized to reduce the amount of water 
removed during recovery, because this may have impacted the water-level 
recovery rate and increased the potential for volatilization losses. Third, the 
number of replicates was minimized to reduce the number of samples collected 
for each experiment, because collection of to many samples caused logistical 
problems with data collection and analysis of samples.
Data Analysis
Several methods were utilized to analyze the chemical data from the 
recovery experiments. First, the mean concentration of the duplicate samples 
for each sample time was calculated and plotted versus time to identify 
apparent trends in the data during recovery. Analysis of the data variability was 
then performed to determine if these trends were significant.
It was assum ed that the data variability resulted from two possible 
sources of error. First, error associated with sample collection and storage. 
Second, the error associated with GC analysis method. Initially, a one-way 
analysis of variance was used to identify significant differences within groups of 
data at the a=0.05 level. A group is defined as all of the duplicate samples of
one compound at one port for each experiment. The confidence intervals were 
based on the pooled standard deviations of the duplicates in the sample group. 
In some cases the standard deviations were small, which resulted in small 
confidence intervals. In many groups, small confidence intervals indicated 
significant differences in concentrations, however, the differences in 
concentrations were beyond the ability of the instrumentation to detect. This 
was the result of the small data set (2 points) not being able to represent the 
full range of variability associated with the GC method.
The variability of the precision associated with the GC method was then 
investigated to determine if it would be a more appropriate m easure for 
determining significant differences. The variability of the method is stated to be 
<±20 % of the true value (Ho, 1989); however, it was experimentally determined 
to be much lower in this case. Thirty five samples of five different 
concentrations were analyzed to arrive at this determination (Appendix B).
Using these data and the stated variability, a  conservative error of ±10% of the 
mean of the duplicate samples was assumed.
Chapter 3
2 6
Results and Discussion
Visual Observations
The semi-circular version of the of the physical model was used to 
visualize the flow of water through the low-K zone, filter pack, and into the well. 
Dye was added to the reservoir after the materials in the model were fully 
saturated. The well was then continuously dewatered to facilitate water and dye 
movement through the model. Small crevices in the silica flour along the outer 
edge of the low-K zone resulted in an uneven fingering of dye front as water 
moved through the low-K zone. The dye was observed moving horizontally 
through the low-K zone and the movement appeared similar to a  soil wetting 
front. Fingering was horizontal at all elevations in the silica flour zone, despite 
the 116-cm head difference between the reservoir and the bottom of the well. 
This indicates that the free water surface did not form a steep gradient in the 
silica flour.
When the dye was considered dark enough, the well was allowed to 
recover to observe how water moved through the filter pack. Water movement 
through the filter pack was of particular interest, because this is where it was 
hypothesized that volatilization would occur. During recovery a capillary rise of 
about 4 to 8 cm was observed in FP-1 (Figure 4). The top of the capillary zone
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Figure 4: Diagram showing the free water surface in FP-1 and FP-2 during 
recovery. The dashed line represents the capillary rise in FP-1.
was horizontal, except at certain times during recovery when it was steeply 
inclined near the silica flour boundary. The inclination varied from 2 to 8 cm 
above the capillary fringe and extended 1 to 4 cm from the silica flour 
boundary. This observation appeared to result from a boundary effect caused 
by fine-grained materials clinging to the Plexiglas plate. This effect was not 
continuous or uniform throughout recovery and was considered of minor 
significance to the flow through the filter pack. These observations indicate flow 
through the filter pack and into the well was dominated by a  seepage face at 
the interface of the silica flour and the silica sand, which resulted in a relatively 
flat free-water surface in the filter pack.
Flow through FP-2 was very different from what had been observed 
through FP-1. This filter pack was installed dry with a tremie pipe while the well 
was dewatered. The filter pack was saturated by an uneven wetting front 
extending from the silica flour boundary. In this fine grained sand the pore 
spaces retained much of the water in the filter pack after the well had been 
dewatered. This prevented the delineation of water movement through the filter 
pack when it was saturated with water of one color. For this reason, the filter 
pack was saturated with undyed water and the well was dewatered to allow 
dyed water to move through the undyed water retained in the filter pack. The 
dye was observed moving through the filter pack and forming a  steep gradient 
toward the well (Figure 4). Therefore, flow through the filter pack was 
characterized by the filter pack remaining nearly saturated, under negative
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pressure, after dewatering of the well and the subsequent formation of a  steep 
gradient through the filter pack during water-level recovery.
Chemical Experiments
3 0
Experiment 1: 
Non-Stagnant Recovery Experiments Using FP-1
Two non-stagnant recovery experiments were conducted using FP-1. 
These experiments attempted to simulate idealized well purging conditions, in 
which, no stagnant water remained in the well after dewatering. Concentrations 
of 1,1,1-TCA, MCB, and 1,1,2,2-TET versus time at four ports in the well and 
filter pack for two experiments are shown in Figures 5 through 8. The 2-cm 
filter-pack port was not sampled during the second experiment because it 
became clogged while sampling. Temperature of the water in experiments 1 
and 2 ranged from 21.8° to 22.7° C. Water levels in the model reservoir and 
well during recovery for experiments 1 and 2 are shown in Figure 9.
An air-water interface must be present for volatilization to occur. The 
greatest potential for volatilization during sampling occurs when the well and 
filter pack are completely dewatered, because this creates the largest air-water 
interface. The area of the interface deceases as the water level in the well and 
filter pack rises. If volatilization occurred in the well or along the seepage face 
during water-level recovery, concentrations should start low and asymptotically 
approach the concentration of the incoming water. This would result from the 
decreasing air-water interface during recovery and the fact that more water 
enters the filter pack near the bottom of the model than the top. The first data 
point from any port was collected as soon as the water reached the port.
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Figure 5: VOC concentrations versus time during water-level recovery in the 
well in experiment 1a. Points having over lapping error bars are not considered 
measurably different. Estimated VOC concentrations of the incoming water 
are plotted on the vertical axis to the right.
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Figure 7: VOC concentrations versus time during water-level recovery in the 
well in experiment 1 b. Points having over lapping error bars are not considered 
measurably different. Estimated VOC concentrations of the incoming water 
are plotted on the vertical axis to the right.
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Figure 9: Water levels in the model reservoir (upper part of graph) and the 
well during recovery in experiments 1 and 2.
Concentrations can be expected to be lower in these samples because they
were collected near the air-water interface.
Data from the first non-stagnant experiment are presented in Figures 5 
and 6. Each data point represents the mean of 2 samples. The error bars 
represent a range of ±10 percent of the mean and are based on the variability 
of the analysis method. Any two means of the sam e compound with over 
lapping error bars are not considered to be measurably different from one 
another. The estimated concentration of the incoming water is plotted on the y- 
axis on the left side of the 10 cm well-port graph and is based on the 
predewatering concentrations observed during the experimental setup. These
Water Level Versus Time During Recovery 
Experiments 1 and 2
-■ Experiment 1a 
-■ Experiment 1b 
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-a Experiment 2b 
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data show that there was no measurable change in concentrations of the three 
VOCs in the well or filter pack during water-level recovery. This indicates that 
no volatilization was occurring during water-level recovery.
Data from the second non-stagnant experiment are presented in Figures 
7 and 8. These data also show very little change in concentration during 
recovery. No measurable changes in concentrations of MCB or 1,1,2,2-TET 
were detected in either the well or filter pack. Measurable changes in 1,1,1-TCA 
concentrations were observed in the 30 cm filter-pack port. These data show a 
trend of increasing concentrations in the filter pack during recovery. The trend 
was also apparent in the 10 and 50 cm filter-pack ports, however, these 
concentrations are within experimental error. 1,1,1-TCA is the most volatile of 
the three compounds and it follows that losses due to volatilization should be 
most evident for 1,1,1-TCA. However, this variation barely exceeds the error for 
the analytical method. Also, the changes in concentration were only apparent in 
the filter pack and not in the well, indicating they were of minor significance. 
Overall, the data suggest that losses of VOCs due to dewatering of the filter 
pack were minimal or non-detectable.
Water moving down along the seepage face during recovery should be 
well mixed and have increased contact with the air-water interface. In a well 
mixed system such as this, the volatilization will be controlled by the vapor 
phase concentration in contact with the air-water interface. When the vapor 
phase concentrations are much less than the equilibrium concentrations
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predicted by Henry’s Law, there will be a  net loss of VOCs to the vapor phase 
from the water. On the other hand, when the vapor phase concentrations are at 
or near equilibrium with water concentrations there will be no or minimal net 
loss of VOCs to the vapor phase. Although vapor phase concentrations were 
not monitored in this experiment, it is implied by the data that the 
concentrations were at or near equilibrium. This was probably the result of very 
little air movement near the air-water interface within the filter-pack material.
Experiment 2:
Stagnant Recovery Experiments Using FP-1
Three recovery experiments simulating stagnant well conditions were 
conducted using FP-1. These experiments were conducted to investigate the 
effects of residual stagnant water on concentrations in the well during recovery. 
The well and filter pack were stagnated by bubbling air through the well, after 
normal well development was completed. Concentrations versus time in the well 
and filter pack for the three stagnation experiments are shown in Figures 10 
through 15. The predewatering concentrations are plotted on the y-axis at 0.0 
time for each port which was sampled prior to stagnation. The estimated 
concentrations of the incoming water are plotted on the y-axis on the right edge 
of the 10 cm well-port graph. Results from the stagnant well simulations should 
reflect a  composite concentration of residual stagnant water (not drained from 
the filter pack during dewatering) and incoming water from the silica flour zone. 
This concentration should increase with time and height in the well.
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Figure 10: VOC concentrations versus time during water-level recovery in the 
well in experiment 2a. Points having over lapping error bars are not considered 
measurably different. Estimated VOC concentrations of the incoming water 
are plotted on the vertical axis to the right.
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Figure 12: VOC concentrations versus time during water-level recovery in the 
well in experiment 2b. Points having over lapping error bars are not considered 
measurably different. Estimated VOC concentrations of the incoming water 
are plotted on the vertical axis to the right.
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Figure 14: VOC concentrations versus time during water-level recovery in the 
well in experiment 2c. Points having over lapping error bars are not considered 
measurably different. Estimated VOC concentrations of the incoming water 
are plotted on the vertical axis to the right.
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The data from experiment 2a (Figures 10 and 11) reflect this mixing and 
show increasing concentrations with time and height in the well and filter pack. 
Changes in concentration were most evident for MCB and 1,1,1-TCA. This 
probably resulted from these compounds being more effectively removed during 
stagnation due to their greater volatility. Therefore, a  greater concentration 
difference existed between the incoming water and the residual water. 
Concentrations in the filter-pack ports increased rapidly then leveled off, 
showing less dilution from the residual water due to their close proximity to the 
low-K zone.
Experiment 2a data also illustrate that the 2 cm ports in both the filter 
pack and well were somewhat hydraulically isolated from the rest of the model. 
This is probably a boundary effect resulting from the port being so near the 
base of the model. At this height there is very little water movement after the 
well has been dewatered. These data indicate that trends observed in the 2 cm 
ports may not be indicative of trends in other ports, and should not be weighed 
as heavily in data analysis.
Experiments 2b and 2c were greatly effected by piping through the silica 
flour. Piping began during model testing prior to experimentation, as a result of 
pressurization of the outer reservoir. This initiated piping over the top of the 
silica flour zone. The piping gradually cut deeper through the silica flour. The 
over flow port on the reservoir was lowered several times in an attempt to lower 
the water level in the reservoir below the piping. This approach failed and
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caused piping during well development of experiment 2b. Subsequently it was 
necessary to reduce water level in the reservoir (Figure 9). This caused much 
slower recovery rates and made direct comparisons between these data and 
previous experiments inappropriate.
Mixing trends similar to experiment 2a can be observed in both 
experiment 2b and 2c, although they are much less pronounced. This was a 
result of poor stagnation of the filter-pack water in these experiments, which 
was particularly evident in experiment 2b.
These results are consistent with the results of field studies conducted to 
address purging criteria in low-yield wells (Herzog et al., 1988; and Alduino, 
1992), in which concentrations start out low and increase rapidly during 
recovery producing the highest concentrations 2 to 8 hours after dewatering. 
However, these authors attributed the low early time concentrations to 
volatilization as a result of dewatering the filter pack. The data presented in this 
paper indicate the low early time concentrations may be a  result of mixing 
stagnant water in the well with incoming formation water.
An attempt was made to calculate an expected concentration in the 
recovered well after a stagnation experiment. As previously stated, results from 
the stagnant well simulations should reflect a composite concentration of 
residual water and incoming water from the low-K zone. The stagnant 
concentrations of filter-pack water, the estimated incoming concentrations of the 
fresh water, estimations of the volume of water retained after dewatering, and
estimations of the total volume of water in the filter pack and well were used to 
calculate the expected concentration. The concentration In the well should 
approach the estimated concentration during recovery. However, this approach 
failed because of heterogenous concentration distributions in the filter pack. 
Concentrations in the filter pack increased with depth and decreased with 
proximity to the well due to the stagnation method. This resulted in large 
potential for errors in calculating an expected concentration. It was found that 
the data could be justifiably manipulated to over estimate, under estimate, or fit 
the observed data. Therefore, it was not possible to accurately calculate an 
expected concentration.
Experiment 3:
Stagnant Recovery Experiments Using FP-2
Upon completion of experiment 2c the piping problems worsened. The 
recovery rates became so slow that the model had to be completely 
disassembled and reconstructed. During this process several holes were made, 
and subsequently patched, in the stainless steel screen that contained the silica 
flour. The model was then refilled with materials, with FP-2 as  the filter pack, 
and experimentation resumed.
Near the end of the experimental setup and during the beginning of the 
first experiment large quantities of silica flour entered the well and recovery 
rates increased. This suggested that piping was occurring through the silica 
flour. This invalidated the results of the experiment, because it is likely that
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there was a direct hydraulic connection between the reservoir and the filter 
pack. At this point the experimental effort was terminated.
The data collected from the experiments using FP-1 and the visualization 
experiments for FP-2 indicate that changes in VOC concentrations due to 
volatilization would probably have not been measurable. This can be argued 
because water entering the well during recovery forms a steep gradient through 
the filter pack and the filter pack remains nearly saturated. As a  result, the 
incoming water has very little contact with air and, therefore, VOCs would be 
unable to enter the vapor phase.
From a practical stand point, the use of this type of specially designed 
filter pack in a real world situation doesn’t seem advantageous for several 
reasons. First, the filter pack the industry normally uses doesn’t seem to cause 
measurable losses of VOCs as a result of dewatering. Also, designing a  filter 
pack for monitoring well installations in low-yield formations can be a difficult 
and time consuming task, which leads to increased expense. The use of finer 
grained filter pack would also decrease the amount water produced from the 
well and may make it more difficult to effectively purge.
Chapter 4
4 8
Conclusions
The two filter-pack sizes used in this study resulted in the establishment 
of two different flow regimes through the filter pack after the well had been 
dewatered. Flow through FP-1 (2.0-0.85 mm) was characterized by the 
formation of a seepage face along the silica flour-silica sand interface, resulting 
in a  flat free-water surface within the filter pack during water-level recovery.
Flow through FP-2 (0.5-0.15 mm) was characterized by the filter pack remaining 
nearly saturated under negative pressure, which resulted in the formation of a 
steep gradient (i.e., free-water surface) between the silica flour and the well.
This study also demonstrated that dewatering of FP-1 in the simulated 
well did not result in a  measurable loss of 1,1,1-TCA, MCB, or 1,1,2,2-TET. Of 
these compounds 1,1,1-TCA is the most volatile and it follows that losses due 
to volatilization should be most apparent for this compound. Indeed, minor 
losses of 1,1,1-TCA were observed in the filter-pack zone during one of the 
non-stagnation recovery experiments. However, losses were close to the error 
of the analysis method and were not observed in the well, which indicates these 
losses were of minor significance. It is assumed the lack of VOC losses due to 
volatilization resulted from vapor phase concentrations at the air-water interface 
being approximately in equilibrium with the incoming water. These data imply 
that losses of VOCs due to volatilization resulting from the physical action of
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water reinfiltrating a  dewatered monitoring well will be minimal. However, losses 
due to volatilization may be more pronounced for compounds with greater 
volatility than those used in this study.
The results of the stagnant well simulations using FP-1 showed 
predictable trends in the well and filter pack during recovery. Both of these 
trends reflect mixing of residual stagnant water in the filter pack and incoming 
water. In the filter pack the concentrations increased rapidly and then leveled 
off to consistent concentration, reflecting less mixing of the two waters. In the 
well, concentrations increased fairly linearly with time and height in the model 
during recovery, reflecting more mixing of the two waters. These results indicate 
that trends observed in field studies conducted to address purging criteria in 
low-yield wells (Herzog et al., 1988, and Alduino, 1992), may have been the 
result of mixing stagnant water with incoming formation water and not 
volatilization occurring as a result of dewatering the well.
Chemical recovery experiments were not conducted using FP-2, 
however, based on the data presented in this study it can be concluded that 
use of this type of specially designed filter pack would not be advantageous in a 
real world situation. This is primarily because the material the industry 
commonly uses did not appear to result in measurable losses of VOCs. Also, 
designing a filter pack for monitoring well installations in low-yield formations 
can be a difficult and time consuming task, which leads to increased expense. 
The use a of finer grained filter pack would also decrease the amount water
produced from the well and may retain a  larger fraction of stagnant water 
resulting in less effective purging.
Future Work
51
Future work should include the use of more volatile compounds to 
determine if they behave in a  similar manor as  the compounds used in this 
study. Since chemical recovery experiments were not conducted, more work 
also needs to be done to definitively determine what affect filter-pack grain size 
has on volatilization during recovery. This would be especially important if more 
volatile compounds resulted in greater losses of VOCs.
Perhaps a more important concern is the amount of sampling error 
associated with biological activity in the well during the sampling process. The 
possible magnitude of error due to biological activity when purging low-yield 
monitoring wells dry has not been quantified and may result in the collection of 
unrepresentative samples.
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Appendix A
Experiment 1a. Experiment was conducted on 6/22/93 at 1500 hrs. 
Complete recalibration on 6/15/93 at 1800 hrs.
Sample Time TCA MCB(e) TET MCB(p)
Reservoir Ports 
Port 1
1 1810 163 190 268 177
Port 2
6/21 927 290 294 320 325
6/21 1514 256 283 301
6/21 1713 155 220 274 228
6/21 2040 155 235 302 228
6/21 2201 174 222 285 217
6/22 1038 175 208 275 203
6/22 1200 136 194 268 189
6/22 1300 157 234 276 226
2 1810 171 188 272 171
Port 3
3 1810 154 186 268 171
Port 4
4 1810 132 190 273 176
Well Ports 
2cm Port
5 1505 146 223 292 207
6 1505 145 225 292 212
Average 145.5 224 292 209.5
Std. Dev. 0.5 1 0 2.5
7 1515 170 218 284 209
8 1515 162 210 279 204
Average 166 214 281.5 206.5
Std. Dev. 4 4 2.5 2.5
9 1530 161 217 286 204
10 1530 139 217 285 204
Average 150 217 285.5 204
Std. Dev. 11 0 0.5 0
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11 1550 151 214 285 202
12 1550 157 214 281 203
Average 154 214 283 202.5
Std. Dev. 3 0 2 0.5
13 1620 120 210 283 202
14 1620 147 214 282 202
Average 133.5 212 282.5 202
Std. Dev. 13.5 2 0.5 0
15 1700 155 212 278 204
16 1700 147 210 275 203
Average 151 211 276.5 203.5
Std. Dev. 4 1 1.5 0.5
17 1745 141 214 274 203
18 1745 153 213 279 203
Average 147 213.5 276.5 203
Std. Dev. 6 0.5 2.5 0
133 1543(6/23) 159 245 325 166
134 1543(6/23) 150 245 330 164
Average 154.5 245 327.5 165
Std. Dev.
10cm Port
4.5 0 2.5 1
6/21 1515 177 275 313
6/21 1714 201 293 313 304
6/21 2040 220 288 309 293
6/21 2202 235 289 317 289
6/22 1038 189 249 287 250
6/22 1200 153 236 286 228
6/22 1336 157 234 276 226
19 1510 137 219 274 208
20 1510 138 220 272 204
Average 137.5 219.5 273 206
Std. Dev. 0.5 0.5 1 2
21 1515 158 218 274 202
22 1515 161 214 270 203
Average 159.5 216 272 202.5
Std. Dev. 1.5 2 2 0.5
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23 1530
24 1530
Average 
Std. Dev.
25 1550
26 1550
Average 
Std. Dev.
27 1620
28 1620
Average 
Std. Dev.
29 1700
30 1700
Average 
Std. Dev.
31 1745
32 1745
Average 
Std. Dev.
135 1543(6/23)
136 1543(6/23)
Average 
Std. Dev.
20cm Port
33 1525
34 1525
Average 
Std. Dev.
35 1530
36 1530
Average 
Std. Dev.
216 271 203
217 274 203
216.5 272.5 203
0.5 1.5 0
222 276 204
214 276 200
218 276 202
4 0 2
220 276 203
214 276 201
217 276 202
3 0 1
213 267 202
206 265 199
209.5 266 200.5
3.5 1 1.5
212 265 202
211 267 199
211.5 266 200.5
0.5 1 1.5
243 339 166
249 334 163
246 336.5 164.5
3 2.5 1.5
206 267 194
208 267 195
207 267 194.5
1 0 0.5
211 272 199
208 271 197
209.5 271.5 198
1.5 0.5 1
162
163
162.5
0.5
165
161
163
2
162
157
159.5
2.5
156
153
154.5
1.5
158
156
157
1
149
152
150.5
1.5
157
160
158.5
1.5
160
160
160
0
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37 1550 158 211 271 198
38 1550 157 212 269 198
Average 157.5 211.5 270 198
Std. Dev. 0.5 0.5 1 0
39 1620 157 210 269 198
40 1620 159 214 271 199
Average 158 212 270 198.5
Std. Dev. 1 2 1 0.5
41 1700 160 213 271 198
42 1700 160 212 273 199
Average 160 212.5 272 198.5
Std. Dev. 0 0.5 1 0.5
43 1745 158 213 273 199
44 1745 159 214 273 197
Average 158.5 213.5 273 198
Std. Dev. 0.5 0.5 0 1
30cm Port
45 1541 155 208 272 194
46 1541 163 215 269 198
Average 159 211.5 270.5 196
Std. Dev. 4 3.5 1.5 2
47 1550 158 211 270 194
48 1550 156 210 268 195
Average 157 210.5 269 194.5
Std. Dev. 1 0.5 1 0.5
49 1620 156 208 275 194
50 1620 162 208 262 198
Average 159 208 268.5 196
Std. Dev. 3 0 6.5 2
51 1700 150 204 268 198
52 1700 156 202 262 195
Average 153 203 265 196.5
Std. Dev. 3 1 3 1.5
6 0
53 1745 158 207 267 196
54 1745 161 206 260 196
Average 159.5 206.5 263.5 196
Std. Dev. 1.5 0.5 3.5 0
137 1543(6/23) 148 243 325 161
138 1543(6/23) 149 244 327 160
Average 148.5 243.5 326 160.5
Std. Dev. 0.5 0.5 1 0.5
50cm Port
55 1616 155 201 263 191
56 1616 163 209 267 194
Average 159 205 265 192.5
Std. Dev. 4 4 2 1.5
57 1620 159 216 277 194
58 1620 163 212 276 193
Average 161 214 276.5 193.5
Std. Dev. 2 2 0.5 0.5
59 1700 160 214 273 194
60 1700 146 216 273 192
Average 153 215 273 193
Std. Dev. 7 1 0 1
61 1745 161 215 269 193
62 1745 161 212 268 193
Average 161 213.5 268.5 193
Std. Dev. 0 1.5 0.5 0
139 1543(6/23) 144 234 317 158
140 1543(6/23) 135 230 309 160
Average 139.5 232 313 159
Std. Dev. 4.5 2 4 1
70cm Port
63 1709 157 206 264 189
64 1709 163 216 265 192
Average 160 211 264.5 190.5
Std. Dev. 3 5 0.5 1.5
61
65 1745
66 1745
Average 
Std. Dev.
141 1543(6/23)
142 1543(6/23)
Average 
Std. Dev.
Filter-Pack Ports 
2cm Port
67 1507
68 1510
Average 
Std. Dev.
69 1520
70 1520
Average 
Std. Dev.
71 1535
72 1535
Average 
Std. Dev.
73 1555
74 1555
Average 
Std. Dev.
75 1625
76 1625
Average 
Std. Dev.
77 1705
78 1705
Average 
Std. Dev.
205 268 187
208 272 190
206.5 270 188.5
1.5 2 1.5
221 296 156
213 296 156
217 296 156
4 0 0
217 275 196
215 271 193
216 273 194.5
1 2 1.5
216 273 196
216 277 196
216 275 196
0 2 0
221 279 198
219 275 198
220 277 198
1 2 0
222 273 198
226 283 197
224 278 197.5
2 5 0.5
229 286 198
225 282 198
227 284 198
2 2 0
228 282 200
223 279 196
225.5 280.5 198
157
157
157
0
125
126
125.5
0.5
173
170
171.5
1.5
169
172
170.5
1.5
172
175
173.5
1.5
176
174
175
1
172
172
172
0
177
173
175
2
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79 1750
80 1750
Average 
Std. Dev.
10cm Port
81 1508
82 1508
Average 
Std. Dev.
83 1518
84 1518
Average 
Std. Dev.
85 1535
86 1535
Average 
Std. Dev.
87 1555
88 1555
Average 
Std. Dev.
89 1625
90 1625
Average 
Std. Dev.
91 1705
92 1705
Average 
Std. Dev.
93 1750
94 1750
Average 
Std. Dev.
223 277 197
225 276 198
224 276.5 197.5
1 0.5 0.5
208 267 191
207 262 191
207.5 264.5 191
0.5 2.5 0
209 260 193
205 254 190
207 257 191.5
2 3 1.5
201 256 193
206 258 195
203.5 257 194
2.5 1 1
207 257 189
209 267 187
208 262 188
1 5 1
205 260 185
206 267 186
205.5 263.5 185.5
0.5 3.5 0.5
215 271 187
208 270 182
211.5 270.5 184.5
3.5 0.5 2.5
211 268 185
208 266 183
209.5 267 184
1.5 1 1
171
174
172.5
1.5
170
170
170
0
168
169
168.5
0.5
168
171
169.5
1.5
168
169
168.5
0.5
172
169
170.5
1.5
174
167
170.5
3.5
171
169
170
1
6 3
20cm Port
95 1523
96 1523
Average 
Std. Dev.
97 1535
98 1535
Average 
Std. Dev.
99 1555
100 1555
Average 
Std. Dev.
101 1625
103 1625
Average 
Std. Dev.
104 1705
105 1705
Average 
Std. Dev.
106 1750
107 1750
Average 
Std. Dev.
30cm Port
108 1537
109 1537
Average 
Std. Dev.
110 1555
111 1625
112 1625
Average 
Std. Dev.
217 269 186
212 272 186
214.5 270.5 186
2.5 1.5 0
217 272 184
211 273 181
214 272.5 182.5
3 0.5 1.5
214 275 182
209 274 181
211.5 274.5 181.5
2.5 0.5 0.5
215 274 182
211 272 179
213 273 180.5
2 1 1.5
210 271 178
211 274 181
210.5 272.5 179.5
0.5 1.5 1.5
210 273 180
208 269 178
209 271 179
1 2 1
209 279 176
209 276 179
209 277.5 177.5
0 1.5 1.5
208 269 178
202 270 169
199 264 173
200.5 267 171
1.5 3 2
165
165
165
0
165
163
164
1
165
167
166
1
168
168
168
0
171
172
171.5
0.5
175
172
173.5
1.5
157
156
156.5
0.5
167
156
184
170
14
6 4
113 1705
114 1705
Average 
Std. Dev.
115 1750
116 1750
Average 
Std. Dev.
50cm Port
117 1616
118 1616
Average 
Std. Dev.
119 1625
120 1625
Average 
Std. Dev.
121 1705
122 1705
Average 
Std. Dev.
123 1750
124 1750
Average 
Std. Dev.
70cm Port
125 1657
126 1657
Average 
Std. Dev.
127 1705
128 1705
Average 
Std. Dev.
203 268 176
198 257 172
200.5 262.5 174
2.5 5.5 2
199 259 173
202 259 176
200.5 259 174.5
1.5 0 1.5
210 267 177
212 273 181
211 270 179
1 3 2
207 270 179
208 268 179
207.5 269 179
0.5 1 0
201 258 173
204 270 174
202.5 264 173.5
1.5 6 0.5
201 267 172
206 269 171
203.5 268 171.5
2.5 1 0.5
218 280 183
221 273 181
219.5 276.5 182
1.5 3.5 1
221 273 181
215 273 200
218 273 190.5
3 0 9.5
130
154
142
12
162
167
164.5
2.5
155
163
159
4
162
158
160
2
158
160
159
1
171
158
164.5
6.5
157
134
145.5
11.5
155
153
154
1
6 5
129
130
1750 
1750 
Average 
Std. Dev.
157 213 265
153 210 266
155 211.5 265.5
2 1.5 0.5
179
176
177.5
5
6 6
Experiment 1b. Experiment was conducted on 6/28/93 at 2100 hrs. 
Complete recalibration performed on 6/29/93 at 2038 (samples from the 
experiment were run after this calibration).
Sample Time TCA MCB(e) TET MCB(p)
Reservoir Ports
Port 2
1 1343 356 291 323 253
4 1610 374 305 327 261
6 1705 401 435 461 380
8 1807 406 329 345 269
10 2056 373 317 334 264
12 2157 403 320 338
20 1050 422 365 399 253
21 1300 443 349 389 245
22 1408 433 346 396 239
23 1527 436 357 399 242
24 1626 406 313 387 219
25 1953 416 311 394 216
27 2056 299 264 328 204
Well Ports
2cm Port
28 2105 301 298 351 328
29 2105 299 289 342 323
Average 300 293.5 346.5 325.5
Std. Dev. 1 4.5 4.5 2.5
30 2115 285 287 356 313
31 2115 292 284 344 315
Average 288.5 285.5 350 314
Std. Dev. 3.5 1.5 6 1
32 2130 284 279 343 305
33 2130 281 280 331 299
Average 282.5 279.5 337 302
Std. Dev. 1.5 0.5 6 3
34 2150 270 278 328 294
35 2150 283 279 320 310
Average 276.5 278.5 324 302
Std. Dev. 6.5 0.5 4 8
6 7
36 2220 277 279 325 304
37 2220 271 277 313 309
Average 274 278 319 306.5
Std. Dev. 3 1 6 2.5
38 2300 275 277 319 307
39 2300 272 273 300 305
Average 273.5 275 309.5 306
Std. Dev. 1.5 2 9.5 1
40 2345 277 278 320 311
41 2345 281 276 312 308
Average 279 277 316 309.5
Std.Dev. 2 1 4 1.5
10cm Port
2 1343(6/27) 188 254 153
3 1610(6/27) 100 186 246 151
7 1807(6/27) 107 197 265 155
9 2056(6/27) 112 199 255 164
11 2157(6/27) 186 228 283
13 1025 168 248 285 211
14 1150 242 273 306 241
15 1300 219 266 318 229
16 1408 238 280 315 237
17 1649 272 286 317 243
18 1953 382 311 340 240
26 2056 291 291 338 223
42 2111 287 283 320 312
43 2111 286 280 313 316
Average 286.5 281.5 316.5 314
Std.Dev. 0.5 1.5 3.5 2
44 2115 286 284 322 316
45 2115 281 277 312 308
Average 283.5 280.5 317 312
Std.Dev. 2.5 3.5 5 4
46 2130 281 280 313 306
47 2130 287 278 310 311
Average 284 279 311.5 308.5
Std.Dev. 3 1 1.5 2.5
6 8
48 2150 278 281 318 305
49 2150 272 266 293 307
Average 275 273.5 305.5 306
Std.Dev. 3 7.5 12.5 1
50 2220 275 264 294 306
51 2220 268 265 297 302
Average 271.5 264.5 295.5 304
Std.Dev. 3.5 0.5 1.5 2
52 2300 242 265 280 310
53 2300 259 267 300 307
Average 250.5 266 290 308.5
Std.Dev. 8.5 1 10 1.5
54 2345 269 270 296 305
55 2345 269 267 294 303
Average 269 268.5 295 304
Std.Dev. 0 1.5 1 1
20cm Port
70 2125 270 298 367 322
71 2125 286 292 353 321
Average 278 295 360 321.5
Std.Dev. 8 3 7 0.5
72 2130 285 289 351 318
73 2130 271 283 344 314
Average 278 286 347.5 316
Std.Dev. 7 3 3.5 2
74 2150 288 289 348 318
75 2150 288 287 344 317
Average 288 288 346 317.5
Std.Dev. 0 1 2 0.5
76 2220 278 286 349 314
77 2220 288 288 346 314
Average 283 287 347.5 314
Std.Dev. 5 1 1.5 0
6 9
78 2300 287 293 351 310
79 2300 296 290 346 319
Average 291.5 291.5 348.5 314.5
Std.Dev. 4.5 1.5 2.5 4.5
80 2345 291 293 350 303
81 2345 297 292 345 317
Average 294 292.5 347.5 310
Std.Dev. 3 0.5 2.5 7
30cm Port
82 2139 295 295 353 315
83 2139 294 291 351 311
Average 294.5 293 352 313
Std.Dev. 0.5 2 1 2
84 2150 291 289 349 314
85 2150 287 288 345 300
Average 289 288.5 347 307
Std.Dev. 2 0.5 2 7
86 2220 294 285 342 310
87 2220 294 290 345 313
Average 294 287.5 343.5 311.5
Std.Dev. 0 2.5 1.5 1.5
88 2300 290 290 342 313
89 2300 296 289 346 303
Average 293 289.5 344 308
Std.Dev. 3 0.5 2 5
90 2345 269 296 339 320
91 2345 294 291 345 315
Average 281.5 293.5 342 317.5
Std.Dev. 12.5 2.5 3 2.5
50cm Port
102 2210 296 301 365 306
103 2210 306 301 369 304
Average 301 301 367 305
Std.Dev. 5 0 2 1
7 0
104 2220 307 298 357 298
105 2220 301 291 355 300
Average 304 294.5 356 299
Std.Dev. 3 3.5 1 1
106 2300 303 294 350 304
107 2300 301 293 351 304
Average 302 293.5 350.5 304
Std.Dev. 1 0.5 0.5 0
108 2345 261 313 350 308
109 2345 286 297 356 309
Average 273.5 305 353 308.5
Std.Dev. 12.5 8 3 0.5
70cm Port
118 2253 304 295 353 301
119 2253 308 294 351 299
Average 306 294.5 352 300
Std.Dev. 2 0.5 1 1
120 2300 296 289 346 297
121 2300 297 289 346 302
Average 296.5 289 346 299.5
Std.Dev. 0.5 0 0 2.5
122 2345 305 291 344 299
123 2345 296 290 346 298
Average 300.5 290.5 345 298.5
Std.Dev. 4.5 0.5 1 0.5
Filter-Pack Ports 
10cm Port
56 2109 280 271 297 314
57 2109 277 268 294 302
Average 278.5 269.5 295.5 308
Std.Dev. 1.5 1.5 1.5 6
58 2118 283 266 297 309
59 2118 286 267 290 313
Average 284.5 266.5 293.5 311
Std.Dev. 1.5 0.5 3.5 2
71
60 2135 303 269 294 315
61 2135 279 266 289 315
Average 291 267.5 291.5 315
Std.Dev. 12 1.5 2.5 0
62 2155 265 275 291 314
63 2155 282 268 289 309
Average 273.5 271.5 290 311.5
Std.Dev. 8.5 3.5 1 2.5
64 2227 300 270 290 312
65 2227 301 273 291 313
Average 300.5 271.5 290.5 312.5
Std.Dev. 0.5 1.5 0.5 0.5
66 2310 305 274 294 311
67 2310 299 267 291 308
Average 302 270.5 292.5 309.5
Std.Dev. 3 3.5 1.5 1.5
68 2355 311 272 295 319
69 2355 300 270 296 306
Average 305.5 271 295.5 312.5
Std.Dev. 5.5 1 0.5 6.5
30cm Port
92 2134 268 304 369 308
93 2134 287 299 351 310
Average 277.5 301.5 360 309
Std.Dev. 9.5 2.5 9 1
94 2155 328 299 358 317
95 2155 317 294 348 314
Average 322.5 296.5 353 315.5
Std.Dev. 5.5 2.5 5 1.5
96 2227 344 299 350 315
97 2227 334 303 354 319
Average 339 301 352 317
Std.Dev. 5 2 2 2
7 2
98 2310 348 299 351 313
99 2310 349 302 353 317
Average 348.5 300.5 352 315
Std.Dev. 0.5 1.5 1 2
100 2355 355 302 355 316
101 2355 347 303 357 319
Average 351 302.5 356 317.5
Std.Dev. 4 0.5 1 1.5
:m Port
110 2213 298 305 361 310
111 2213 305 301 359 307
Average 301.5 303 360 308.5
Std.Dev. 3.5 2 1 1.5
112 2227 320 304 360 315
113 2227 322 301 358 309
Average 321 302.5 359 312
Std.Dev. 1 1.5 1 3
114 2310 344 309 363 318
115 2310 343 306 360 314
Average 343.5 307.5 361.5 316
Std.Dev. 0.5 1.5 1.5 2
116 2355 335 310 366 314
117 2355 346 305 358 320
Average 340.5 307.5 362 317
Std.Dev. 5.5 2.5 4 3
70cm Port
124 2250 289 289 345 301
125 2250 291 292 341 300
Average 290 290.5 343 300.5
Std.Dev. 1 1.5 2 0.5
126 2310 291 289 340 301
127 2310 292 289 339 301
Average 291.5 289 339.5 301
Std.Dev. 0.5 0 0.5 0
7 3
128 2355 300
129 2355 299
Average 299.5 
Std.Dev. 0.5
294 342 305
292 341 308
293 341.5 306.5
1 0.5 1.5
7 4
Experiment 2a. Experiment was conducted on 7/10/93 at 1200 hrs. 
Complete recalibration performed on 7/8/93.
Sample Time TCA MCB(e) TET MCB(p)
Reservoir Ports 
Port 1
11 2309(7/8) 464 369 404 422
33 1150 546 397 326 390
Port 2
1 1445(7/8)
5 1726(7/8)
7 1942(7/8)
9 2050(7/8)
12 2309(7/8)
18 1032(7/9)
23 1145(7/9)
24 1300(7/9)
25 1409(7/9)
26 1525(7/9)
27 1645(7/9)
28 1745(7/9)
34 1150
Port 3
2 1445(7/8)
13 2309(7/9)
35 1150
Well Ports 
2cm Port
36 1205 106 84.1 252 90
37 1205 108 86 244 92
Average 107 85.05 248 91
Std. Dev. 1 0.95 4 1
38 1215 124 95.8 246 105
39 1215 120 94.8 255 98.9
Average 122 95.3 250.5 101.95
Std. Dev. 2 0.5 4.5 3.05
576 416 425 503
528 394 417 482
503 371 389 430
409 362 363 418
483 365 368 422
489 375 407 445
484 415 350 425
559 414 334 422
546 415 344 420
550 408 342 407
536 404 337 405
540 399 336 400
512 401 342 393
585 408 422 502
440 366 371 429
544 408 328 401
7 5
40 1230 88.7 92.3 237 102
41 1230 114 90 250 97.8
Average 101.35 91.15 243.5 99.9
Std. Dev. 12.65 1.15 6.5 2.1
42 1250 118 92.9 246 101
43 1250 114 89.3 252 96.3
Average 116 91.1 249 98.65
Std. Dev. 2 1.8 3 2.35
44 1320 108 88.8 253 92.9
45 1320 107 89.8 242 97.1
Average 107.5 89.3 247.5 95
Std. Dev. 0.5 0.5 5.5 2.1
46 1400 106 86.9 251 93
47 1400 103 83.1 247 87
Average 104.5 85 249 90
Std. Dev. 1.5 1.9 2 3
48 1445 115 88.9 245 96
49 1445 117 90 244 97.5
Average 116 89.45 244.5 96.75
Std. Dev. 1 0.55 0.5 0.75
10cm Port
6 1726(7/8) 189 304 295 288
8a 1942(7/8) 202 290 273 269
8b 2050(7/8) 264 281 262 267
10 2309(7/8) 255 308 278 290
14 1032(7/9) 178 320 289
15 1145(7/9) 321 342 297 383
16 1300(7/9) 316 349 372 391
17 1409(7/9) 331 353 385 399
19 1525(7/9) 342 357 364 404
20 1645(7/9) 361 356 400 404
21 1745(7/9) 362 358 403 304
22 1938(7/9) 45 128 264 75
29 1140 28.4 46.2 241 43.1
7 6
63 1210 57.1 62.8 241 61.1
64 1210 59.9 64.3 232 61.8
Average 58.5 63.55 236.5 61.45
Std. Dev. 1.4 0.75 4.5 0.35
65 1215 71.8 67.8 243 67.2
66 1215 74.9 68.5 232 68.8
Average 73.35 68.15 237.5 68
Std. Dev. 1.55 0.35 5.5 0.8
67 1230 90.5 72.4 230 74
68 1230 88.2 73 234 73.3
Average 89.35 72.7 232 73.65
Std. Dev. 1.15 0.3 2 0.35
69 1250 101 79.4 233 81.3
70 1250 94.6 74.7 229 78.2
Average 97.8 77.05 231 79.75
Std. Dev. 3.2 2.35 2 1.55
71 1320 123 99.8 237 107
72 1320 121 97 237 103
Average 122 98.4 237 105
Std. Dev. 1 1.4 0 2
73 1400 78.1 143 252 142
74 1400 82.2 142 257 142
Average 80.15 142.5 254.5 142
Std. Dev. 2.05 0.5 2.5 0
75 1445 172 181 276 183
76 1445 174 184 275 185
Average 173 182.5 275.5 184
Std. Dev. 1 1.5 0.5 1
n  Port
91 1239 136 129 249 125
92 1239 138 132 247 128
Average 137 130.5 248 126.5
Std. Dev. 1 1.5 1 1.5
7 7
93 1250 88.7 142 250 138
94 1250 151 149 251 144
Average 119.85 145.5 250.5 141
Std. Dev. 31.15 3.5 0.5 3
95 1320 162 168 262 163
96 1320 162 169 259 163
Average 162 168.5 260.5 163
Std. Dev. 0 0.5 1.5 0
97 1400 186 204 273 206
98 1400 187 208 278 206
Average 186.5 206 275.5 206
Std. Dev. 0.5 2 2.5 0
99 1445 202 259 288 234
100 1445 207 261 286 236
Average 204.5 260 287 235
Std. Dev. 2.5 1 1 1
50cm Port
32 1140 24.6 39.6 224 41.8
111 1306 162 170 273 159
112 1306 159 164 257 156
Average 160.5 167 265 157.5
Std. Dev. 1.5 3 8 1.5
113 1320 171 182 266 176
114 1320 176 189 269 186
Average 173.5 185.5 267.5 181
Std. Dev. 2.5 3.5 1.5 5
115 1400 188 210 276 200
116 1400 191 220 280 214
Average 189.5 215 278 207
Std. Dev. 1.5 5 2 7
117 1445 228 281 303 242
118 1445 230 273 281 235
Average 229 277 292 238.5
Std. Dev. 1 4 11 3.5
7 8
70cm Port
127 1341 181 197 271 203
128 1341 180 195 266 183
Average 180.5 196 268.5 193
Std. Dev. 0.5 1 2.5 10
129 1400 189 215 277 208
130 1400 187 207 272 211
Average 188 211 274.5 209.5
Std. Dev. 1 4 2.5 1.5
131 1445 198 259 299 232
132 1445 199 255 288 233
Average 198.5 257 293.5 232.5
Std. Dev. 0.5 2 5.5 0.5
Filter-Pack Ports
2cm Port 
50 1205 188 171 271 171
51 1218 166 142 263 143
52 1218 162 138 254 139
Average 164 140 258.5 141
Std. Dev. 2 2 4.5 2
53 1233 159 135 256 137
54 1233 157 132 249 136
Average 158 133.5 252.5 136.5
Std. Dev. 1 1.5 3.5 0.5
55 1255 157 133 252 136
56 1255 156 132 254 134
Average 156.5 132.5 253 135
Std. Dev. 0.5 0.5 1 1
57 1328 158 132 251 134
58 1328 158 133 251 135
Average 158 132.5 251 134.5
Std. Dev. 0 0.5 0 0.5
7 9
59 1408 121 128 240 133
60 1408 150 135 264 134
Average 135.5 131.5 252 133.5
Std. Dev. 14.5 3.5 12 0.5
61 1455 159 139 254 136
62 1455 161 138 260 137
Average 160 138.5 257 136.5
Std. Dev. 1 0.5 3 0.5
10cm Port
31 1140 121 87.2 246 93.8
77 1207 166 159 262 156
78 1207 160 150 261 146
Average 163 154.5 261.5 151
Std. Dev. 3 4.5 0.5 5
79 1218 188 185 270 186
80 1218 180 177 270 174
Average 184 181 270 180
Std. Dev. 4 4 0 6
81 1233 195 199 281 201
82 1233 190 189 278 189
Average 192.5 194 279.5 195
Std. Dev. 2.5 5 1.5 6
83 1255 245 247 300 226
84 1255 213 209 285 210
Average 229 228 292.5 218
Std. Dev. 16 19 7.5 8
85 1328 276 278 288 245
86 1328 240 248 281 225
Average 258 263 284.5 235
Std. Dev. 18 15 3.5 10
87 1408 236 291 304 248
88 1408 246 252 286 228
Average 241 271.5 295 238
Std. Dev. 5 19.5 9 10
8 0
89 1455 250 249 300 226
90 1455 232 222 279 211
Average 241 235.5 289.5 218.5
Std. Dev. 9 13.5 10.5 7.5
;m Port
101 1233 200 288 301 247
102 1233 197 271 308 238
Average 198.5 279.5 304.5 242.5
Std. Dev. 1.5 8.5 3.5 4.5
103 1255 293 324 299 279
104 1255 264 312 305 267
Average 278.5 318 302 273
Std. Dev. 14.5 6 3 6
105 1328 319 335 306 289
106 1328 306 325 317 278
Average 312.5 330 311.5 283.5
Std. Dev. 6.5 5 5.5 5.5
107 1408 353 342 312 297
108 1408 334 334 322 291
Average 343.5 338 317 294
Std. Dev. 9.5 4 5 3
109 1455 328 334 306 287
110 1455 348 339 322 292
Average 338 336.5 314 289.5
Std. Dev. 10 2.5 8 2.5
50cm Port
30 1140 49.8 57.9 239 57.4
119 1306 212 298 287 255
120 1306 228 293 289 252
Average 220 295.5 288 253.5
Std. Dev. 8 2.5 1 1.5
121 1328 290 324 296 278
122 1328 278 321 307 274
Average 284 322.5 301.5 276
Std. Dev. 6 1.5 5.5 2
81
123 1408 336 345 317 287
124 1408 321 341 297 292
Average 328.5 343 307 289.5
Std. Dev. 7.5 2 10 2.5
125 1445 343 347 317 299
126 1445 336 344 314 296
Average 339.5 345.5 315.5 297.5
Std. Dev. 3.5 1.5 1.5 1.5
70cm Port
133 1338 293 329 300 283
134 1338 294 327 300 275
Average 293.5 328 300 279
Std. Dev. 0.5 1 0 4
135 1408 328 348 305 298
136 1408 335 347 318 301
Average 331.5 347.5 311.5 299.5
Std. Dev. 3.5 0.5 6.5 1.5
137 1455 351 350 302 306
138 1455 347 351 316 306
Average 349 350.5 309 306
Std. Dev. 2 0.5 7 0
90cm Port
139 1438 351 340 313 280
140 1438 352 333 299 278
Average 351.5 336.5 306 279
Std. Dev. 0.5 3.5 7 1
141 1455 367 338 297 293
142 1455 377 346 293 299
Average 372 342 295 296
Std. Dev. 5 4 2 3
8 2
Experiment 2b. Experiment was conducted on 7/15/93 at 1715 hrs. 
Complete recalibration performed on 7/14/93 at 1345 hrs.
Sample Time TCA MCB(e) TET MCB(e)
Reservoir Ports 
Port 1
1 2200(7/13) 384 339 307 278
2 2200(7/13) 381 334 299 279
Average 382.5 336.5 303 278.5
Std. Dev. 1.5 2.5 4 0.5
39 1658 292 228 317 244
Port 2
3 2200(7/13) 376 332 302 277
4 2200(7/13) 375 333 307 273
Average 375.5 332.5 304.5 275
Std. Dev. 0.5 0.5 2.5 2
12 0935(7/14) 338 324 291 272
14 1129(7/14) 325 314 294 261
22 1320(7/14) 317 291 349 309
23 1430(7/14) 312 285 338 306
24 1700(7/14) 327 279 340 304
25 2008(7/14) 329 274 334 302
26 2103(7/14) 330 274 337 293
27 2305(7/14) 335 273 336 296
29 935 328 276 343 291
30 1055 318 256 337 269
40 1658 290 228 317 244
Port 3
5 2200(7/13) 385 336 300 280
6 2200(7/13) 386 334 313 279
Average 385.5 335 306.5 279.5
Std. Dev. 0.5 1 6.5 0.5
41 1658 308 241 323 258
8 3
Well Ports 
2cm Port
31 1630 88 81 299 79
42 1720 195 235 320 248
43 1720 222 232 327 244
Average 208.5 233.5 323.5 246
Std. Dev. 13.5 1.5 3.5 2
44 1735 199 217 327 227
45 1735 206 200 323 228
Average 202.5 208.5 325 227.5
Std. Dev. 3.5 8.5 2 0.5
46 1745 195 205 318 219
47 1745 199 212 320 223
Average 197 208.5 319 221
Std. Dev. 2 3.5 1 2
48 1805 194 208 322 219
49 1805 191 201 321 218
Average 192.5 204.5 321.5 218.5
Std. Dev. 1.5 3.5 0.5 0.5
50 1835 192 208 319 220
51 1835 192 208 322 218
Average 192 208 320.5 219
Std. Dev. 0 0 1.5 1
52 1915 189 207 313 224
53 1915 189 207 320 222
Average 189 207 316.5 223
Std. Dev. 0 0 3.5 1
54 2000 189 210 314 219
55 2000 190 214 313 227
Average 189.5 212 313.5 223
Std. Dev. 0.5 2 0.5 4
10cm Port
9 2200(7/13) 310 305 293 254
10 2200(7/13) 317 305 301 254
Average 313.5 305 297 254
Std. Dev. 3.5 0 4 0
8 4
11 0935(7/14) 361 375 289 315
13 1129(7/14) 337 349 298 294
15 1320(7/14) 298 340 294 278
16 1430(7/14) 284 317 272 285
17 1700(7/14) 278 310 269 268
18 2008(7/14) 271 312 271 258
19 2103(7/14) 275 306 298 253
28 2305(7/14) 335 273 336 296
20 935 246 289 271 246
21 1055 252 277 287 231
32 1630 80 78 293 77
70 1733 227 231 326 249
71 1733 215 227 322 232
Average 221 229 324 240.5
Std. Dev. 6 2 2 8.5
72 1735 200 226 324 232
73 1735 196 226 332 229
Average 198 226 328 230.5
Std. Dev. 2 0 4 1.5
74 1745 196 230 335 227
75 1745 191 218 322 225
Average 193.5 224 328.5 226
Std. Dev. 2.5 6 6.5 1
76 1805 190 215 323 220
77 1805 190 214 320 213
Average 190 214.5 321.5 216.5
Std. Dev. 0 0.5 1.5 3.5
78 1835 190 218 327 223
79 1835 190 218 321 222
Average 190 218 324 222.5
Std. Dev. 0 0 3 0.5
80 1915 192 225 319 230
81 1915 190 221 322 226
Average 191 223 320.5 228
Std. Dev. 1 2 1.5 2
8 5
82 2000 193 228 330 237
83 2000 193 226 321 237
Average 193 227 325.5 237
Std. Dev. 0 1 4.5 0
30cm Port
33 1645 76 76 296
98
99
1829 
1829 
Average 
Std. Dev.
189
188
188.5
0.5
219
217
218 
1
325
321
323
2
219 
221
220
1
100
101
1835 
1835 
Average 
Std. Dev.
190
189
189.5
0.5
220
219
219.5
0.5
322
321
321.5
0.5
223
223
223
0
102
103
1915 
1915 
Average 
Std. Dev.
192
193 
192.5 
0.5
222
225
223.5
1.5
318
319 
318.5
0.5
225
229
227
2
104
105
2000
2000
Average
194 
196
195
225
230
227.5
312
325
318.5
228
231
229.5
Std.Dev. 1 2.5 6.5 1.5
50cm Port 
34
114
115
116
117
1645 78 78 285 78
1940 161 226 316 231
1940 187 229 326 228
Average 174 227.5 321 229.5
Std. Dev. 13 1.5 5 1.5
2000 191 224 318 226
2000 194 234 321 227
Average 192.5 229 319.5 226.5
Std. Dev. 1.5 5 1.5 0.5
8 6
Filter-Pack Ports 
2cm Port
35 1645 268 255 327 273
56 1720 276 255 314 272
57 1720 270 255 336 268
Average 273 255 325 270
Std. Dev. 3 0 11 2
58 1735 266 254 328 263
59 1735 251 249 323 260
Average 258.5 251.5 325.5 261.5
Std. Dev. 7.5 2.5 2.5 1.5
60 1745 234 243 328 250
61 1745 242 240 323 241
Average 238 241.5 325.5 245.5
Std. Dev. 4 1.5 2.5 4.5
62 1805 216 237 319 247
63 1805 226 234 326 246
Average 221 235.5 322.5 246.5
Std. Dev. 5 1.5 3.5 0.5
64 1838 220 224 321 238
65 1838 208 227 320 237
Average 214 225.5 320.5 237.5
Std. Dev. 6 1.5 0.5 0.5
66 1919 222 227 321 239
67 1919 217 229 322 238
Average 219.5 228 321.5 238.5
Std. Dev. 2.5 1 0.5 0.5
68 2005 208 233 322 242
69 2005 204 232 322 241
Average 206 232.5 322 241.5
Std. Dev. 2 0.5 0 ' 0.5
10cm Port
36 1645 190 187 308 199
8 7
84 1729 199 225 317 236
85 1729 200 220 322 233
Average 199.5 222.5 319.5 234.5
Std. Dev. 0.5 2.5 2.5 1.5
86 1735 205 228 320 242
87 1735 201 225 322 241
Average 203 226.5 321 241.5
Std. Dev. 2 1.5 1 0.5
88 1745 211 233 320 242
89 1745 206 230 323 243
Average 208.5 231.5 321.5 242.5
Std. Dev. 2.5 1.5 1.5 0.5
90 1805 215 234 316 243
91 1805 211 231 313 241
Average 213 232.5 314.5 242
Std. Dev. 2 1.5 1.5 1
92 1838 221 232 319 239
93 1838 223 234 317 235
Average 222 233 318 237
Std. Dev. 1 1 1 2
94 1919 236 237 324 247
95 1919 233 239 322 244
Average 234.5 238 323 245.5
Std. Dev. 1.5 1 1 1.5
96 2005 256 244 324 247
97 2005 249 241 326 241
Average 252.5 242.5 325 244
Std. Dev. 3.5 1.5 1 3
30cm Port
37 1645 188 184 308 197
106 1826 210 240 319 242
107 1826 211 240 323 241
Average 210.5 240 321 241.5
Std. Dev. 0.5 0 2 0.5
8 8
108 1838 233 242 322 245
109 1838 219 240 324 241
Average 226 241 323 243
Std. Dev. 7 1 1 2
110 1919 255 244 324 245
111 1919 240 246 319 246
Average 247.5 245 321.5 245.5
Std. Dev. 7.5 1 2.5 0.5
112 2005 243 235 316 243
113 2005 259 245 325 247
Average 251 240 320.5 245
Std. Dev. 8 5 4.5 2
50cm Port
38 1645 177 165 306 176
118 1940 238 256 323 249
119 1940 241 253 321 245
Average 239.5 254.5 322 247
Std. Dev. 1.5 1.5 1 2
120 2005 235 254 331 250
121 2005 235 258 322 250
Average 235 256 326.5 250
Std. Dev. 0 2 4.5 0
Experiment 2c. Experiment was conducted on 7/23/93 at 1600 hrs. 
Complete recalibration performed on 7/22/93 at 1045 hrs.
Sample Time
Reservoir Ports 
Port 1
28 1453
Port 2
2 1135(7/21)
4 1445(7/22)
14 1310(7/21)
18 0930(7/22)
20 1130(7/22)
22 1315(7/22)
23 1605(7/22)
24 1912(7/22)
25 2020(7/22)
27 1306
29 1453
Port 3
30 1453
Well Ports 
2cm Port
31 1453
32 1453
Average 
Std. Dev.
33 1605
34 1605
Average 
Std. Dev.
35 1615
36 1615
Average 
Std. Dev.
MCB(e) TET MCB(p)
162 177 160
276 262 254
205 209 223
228 219 277
212 212 241
216 210 248
203 201 231
198 202 219
190 199 206
189 188 206
191 190 208
190 190 205
189 190 204
68.4 173 57.2
68.9 174 51.7
68.65 173.5 54.45
0.25 0.5 2.75
105 183 95
98.4 185 88
101.7 184 91.5
3.3 1 3.5
128 189 116
126 189 110
127 189 113
1 0 3
TCA
302
328
320
342
332
331
320
311
301
298
301
324
320
45
45.9
45.45
0.45
121
107
114
7
154
153
153.5
0.5
9 0
37 1630 155 128 190 113
38 1630 152 126 191 110
Average 153.5 127 190.5 111.5
Std. Dev. 1.5 1 0.5 1.5
39 1650 125 115 187 99.4
40 1650 125 113 183 98.2
Average 125 114 185 98.8
Std. Dev. 0 1 2 0.6
41 1720 116 110 187 96.5
42 1720 109 107 187 89.6
Average 112.5 108.5 187 93.05
Std. Dev. 3.5 1.5 0 3.45
43 1800 105 106 183 94.4
44 1800 96.5 101 184 92
Average 100.75 103.5 183.5 93.2
Std. Dev. 4.25 2.5 0.5 1.2
45 1845 94.9 105 183 91.3
46 1845 92.6 101 182 91.8
Average 93.75 103 182.5 91.55
Std. Dev. 1.15 2 0.5 0.25
10cm Port
15 1135(7/21) 146 196 252 210
16 1310(7/21) 179 194 244 209
17 0930(7/22) 290 215 228 249
19 1130(7/22) 242 206 245 233
21 1315(7/22) 218 199 216 225
3 1445(7/22) 174 213 245 229
5 1605(7/22) 242 214 233 238
6 1912(7/22) 186 218 222 245
7 2020(7/22) 213 213 217 243
26 1306 37 62.8 158
63 1453 39.2 65.3 171 50.5
64 1453 39.4 65 173 49.8
Average 39.3 65.15 172 50.15
Std. Dev. 0.1 0.15 1 0 .35
91
65 1614 54.6 72.4 170 58.1
66 1614 54 72.7 175 58
Average 54.3 72.55 172.5 58.05
Std. Dev. 0.3 0.15 2.5 0.05
67 1615 54.9 72 171 58.3
68 1615 55.4 71.9 168 59.6
Average 55.15 71.95 169.5 58.95
Std. Dev. 0.25 0.05 1.5 0.65
69 1630 57.8 75.7 170 64.4
70 1630 60.1 78.7 171 65.8
Average 58.95 77.2 170.5 65.1
Std. Dev. 1.15 1.5 0.5 0.7
71 1650 68.6 84.4 173 71.1
72 1650 69.2 85.3 173 72.4
Average 68.9 84.85 173 71.75
Std. Dev. 0.3 0.45 0 0.65
73 1720 73.4 87.1 174 74
74 1720 70.1 85.4 173 72.7
Average 71.75 86.25 173.5 73.35
Std. Dev. 1.65 0.85 0.5 0.65
75 1800 62.7 83 170 70.8
76 1800 69.2 84.8 172 70.6
Average 65.95 83.9 171 70.7
Std. Dev. 3.25 0.9 1 0.1
77 1845 72.4 87.4 171 75.1
78 1845 75.6 88.9 171 79.8
Average 74 88.15 171 77.45
Std. Dev. 1.6 0.75 0 2.35
30cm Port
95 1453 37.3 63.9 169 47.7
96 1453 36.4 62.2 165 47.4
Average 36.85 63.05 167 47.55
Std. Dev. 0.45 0.85 2 0.15
9 2
97 1715 81.3 99.3 177 87
98 1715 77.5 98 176 85.7
Average 79.4 98.65 176.5 86.35
Std. Dev. 1.9 0.65 0.5 0.65
99 1720 89.5 115 179 95.3
100 1720 88.9 116 178 97.7
Average 89.2 115.5 178.5 96.5
Std. Dev. 0.3 0.5 0.5 1.2
101 1800 91 121 180 101
102 1800 93.4 122 178 106
Average 92.2 121.5 179 103.5
Std. Dev. 1.2 0.5 1 2.5
103 1845 98.4 128 179 111
104 1845 99.6 131 182 115
Average 99 129.5 180.5 113
Std. Dev. 0.6 1.5 1.5 2
50cm Port
115 1453 53 75 172 57.8
116 1453 52.3 75 169 58.6
Average 52.65 75 170.5 58.2
Std. Dev. 0.35 0 1.5 0.4
117 1836 113 141 186 126
118 1836 52.4 142 185 124
Average 82.7 141.5 185.5 125
Std. Dev. 30.3 0.5 0.5 1
119 1845 110 143 188 126
120 1845 110 143 186 124
Average 110 143 187 125
Std. Dev. 0 0 1 1
Filter-Pack Ports 
2cm Port
47 1453 245 184 189 205
48 1453 234 183 195 196
Average 239.5 183.5 192 200.5
Std. Dev. 5.5 0.5 3 4.5
9 3
49 1605 180 152 191 149
50 1605 166 140 187 133
Average 173 146 189 141
Std. Dev. 7 6 2 8
51 1615 170 139 190 129
52 1615 162 134 188 126
Average 166 136.5 189 127.5
Std. Dev. 4 2.5 1 1.5
53 1633 160 133 189 123
54 1633 157 134 187 124
Average 158.5 133.5 188 123.5
Std. Dev. 1.5 0.5 1 0.5
55 1655 146 131 188 120
56 1655 140 128 190 114
Average 143 129.5 189 117
Std. Dev. 3 1.5 1 3
57 1725 139 128 191 114
58 1725 125 124 189 110
Average 132 126 190 112
Std. Dev. 7 2 1 2
59 1805 124 126 191 107
60 1805 125 124 190 108
Average 124.5 125 190.5 107.5
Std. Dev. 0.5 1 0.5 0.5
61 1850 123 128 189 114
62 1850 130 131 190 116
Average 126.5 129.5 189.5 115
Std. Dev. 3.5 1.5 0.5 1
10cm Port
79 1453 190 154 195 153
80 1453 185 150 195 144
Average 187.5 152 195 148.5
Std. Dev. 2.5 2 0 4.5
9 4
81 1605 92.8 99.1 175 89.8
82 1605 91.1 95.3 173 87.1
Average 91.95 97.2 174 88.45
Std. Dev. 0.85 1.9 1 1.35
83 1615 118 124 179 111
84 1615 109 117 181 103
Average 113.5 120.5 180 107
Std. Dev. 4.5 3.5 1 4
85 1633 138 132 180 123
86 1633 90 126 177 115
Average 114 129 178.5 119
Std. Dev. 24 3 1.5 4
87 1655 148 145 188 130
88 1655 141 138 189 122
Average 144.5 141.5 188.5 126
Std. Dev. 3.5 3.5 0.5 4
89 1725 178 160 188 150
90 1725 168 154 189 139
Average 173 157 188.5 144.5
Std. Dev. 5 3 0.5 5.5
91 1805 184 158 191 148
92 1805 171 153 191 142
Average 177.5 155.5 191 145
Std. Dev. 6.5 2.5 0 3
93 1850 196 166 189 157
94 1850 184 159 191 147
Average 190 162.5 190 152
Std. Dev. 6 3.5 1 5
30cm Port
105 1453 51.2 67.4 166 51.5
106 1453 44.8 62.5 162 46.6
Average 48 64.95 164 49.05
Std. Dev. 3.2 2.45 2 2.45
9 5
111 1709 157 170 192 159
112 1709 144 161 190 152
Average 150.5 165.5 191 155.5
Std. Dev. 6.5 4.5 1 3.5
107 1725 183 170 191 163
108 1725 158 167 189 159
Average 170.5 168.5 190 161
Std. Dev. 12.5 1.5 1 2
109 1805 192 176 190 171
110 1805 192 176 189 167
Average 192 176 189.5 169
Std. Dev. 0 0 0.5 2
113 1850 216 180 188 179
114 1850 210 181 189 176
Average 213 180.5 188.5 177.5
Std. Dev. 3 0.5 0.5 1.5
50cm Port
121 1453 43.7 66.4 167 49
122 1453 42.9 66.8 163 49.6
Average 43.3 66.6 165 49.3
Std. Dev. 0.4 0.2 2 0.3
123 1832 181 181 198 173
124 1832 181 178 194 174
Average 181 179.5 196 173.5
Std. Dev. 0 1.5 2 0.5
125 1850 197 184 196 179
126 1850 200 182 197 176
Average 198.5 183 196.5 177.5
Std. Dev. 1.5 1 0.5 1.5
Appendix B
9 7
Analysis results of the standards used to determine the variability of the 
analysis method.
sample TCA MCB TET
Round 1
1 116 103
2 114 102
3 114 102
4 111 102
5 108 99.6
6 104 98
7 99.5 98.4
Average 109.50 100.71
Std. Dev. 5.57 1.86
Std.D./Av 5.09 1.84
Round 2
1 197 192
2 190 199
3 191 199
4 191 201
5 184 202
6 184 200
7 173 195
Average 187.14 198.29
Std. Dev. 7.12 3.28
Std.D./Av 3.80 1.66
Round 3
1 310 298
2 321 296
3 317 295
4 316 310
5 306 287
6 301 300
7 299 307
Average 310.00 299.00
Std. Dev. 7.78 7.13
Std.D./Av 2.51 2.39
sample 
Round 4
TCA MCB TET
1 424 430 358
2 423 427 362
3 420 431 363
4 406 436 384
5 390 434 391
6 377 435 395
Average 406.67 432.17 375.
Std. Dev. 17.81 3.13 14.92
Std.D./Av 4.38 0.72 3.98
Round 5
1 577 527 487
2 582 537 496
3 571 537 504
4 552 527 494
5 523 526 507
6 486 439 472
Average 548.50 515.50I 493.33
Std. Dev. 34.18 34.52 11.57
Std.D./Av 6.23 6.70 2.35
